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(54) Hydrogel intervertabFal disc nucleus with diminished lateral bulging 



(57) A prosthetic nucleus (1 0) for a vertebral disc is 
made of a hydrogel material. The hydrogel prosthetic 
nucleus has a shape generally conforming to the natural 
nucleus pulposus, and it exhibits diminished lateral 
bulging under high compressive loads. The hydrogel 
has a water content of from 30% to 90% and has a com- 
pressive strength of AHMr^ or greater. When the hydro- 



gel material is dehydrated, it has a dimension of less 
than half ofthat of the hydrated hydrogel nucleus. The 
prosthetic nucleus may be formed of two or more pieces 
of hydrogel material (42, 44) which pieces, when com- 
bined, have a shape generally conforming to the natural 
nucleus. The prosthetic nucleus may have a stiff poste- 
rior periphery (24) and/or a thickened anterior wall (28). 
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Description 

Background of the Invention 
5 1 . Field of the Invention 

[0001] This Invention relates to a prosthetic intervertebral disc nucleus. More particularly it relates to an artificial disc 
nucleus made of a hydroget material that exhibits diminished lateral bulging at certain sections of the nucleus andADr 
diminished narrowing under high compressive load. 

10 

2. Descriptbn of the Prior Art 

[0002] The intenrertebral disc is a complex joint anatomically and f unctionedly. It is composed of three structures: the 
nucleus pulposus (hereinafter referred to as the "natural nucleus'), the annutus fibrosus and the vertebral end-plates. 

IS [0003] Degeneration of an intervertebral disc, often due to aging, is believed to be a common cause of back pain. 
An additional cause of back pain Is displacement of an inten^ertebral disc, i n either of these cases, the nucleus pulposus 
may hemiate and/or protrude into the vertebral canal or intervertebrat foramen. Most hemiatksns and protrusions occur 
on the posterior or posterior/lateral side of the disc where the disc annulus is generally thinner and weaker than on the 
anterbr side. The disc may in turn press upon the spinal nen/e that exits the vertebral canal through the partially 

20 obstructed foramen, causing pain or paralysis in the area of its distribution. 

[0004] Degenerated or displaced discs may be treated by replacing the entire natural disc with an artificial disc. 
Various artificial discs are discbsed in the following U.S. Patents: 3,867,728 to Stut>stad et al.; 3,875,595 to Froning; 
4,309,777 to Patil; 4,714,469 to Kenna; 4.349,921 to Kuntz; 4,772,287 to Ray et al.; 4.904,260 to Kuntz; 4,911.718 to 
Lee etal; and 4.932,969 to Frey et al. (All of the documents cited herein, including the foregoing, are hereby incorporated 

2S in this application in their entireties.) 

[0005] Alternatively, degenerated or displaced discs may be treated by replacing only the natural nucleus rather than 
the entire disc. U.S. Patent No. 5,047,055 to Bao et al. relates to a prosthetk: nucleus for a vertebral disc. The prosthetic 
nucleus is made of a hydrogel material which, when dehydrated, has a dimension of less than half of that of the hydrated 
hydrogel nucleus. It may be implanted in the dehydrated state, and when fully hydrated it has a size and shape generally 

30 conforming to a natural nucleus. The shaped hydrogel has a much higher structural integrity than the natural nucleus 
because it has shape memory due to cross-linking or strong hydrogen bonding in the polyrtier matrix. However, it still 
exhibits extensive lateral bulging under high compressive load if there is no boundary to constrain the deformation. As 
used in this application, lateral bulging means bulging that occurs atong the side perimeter of the nucleus. 
[0006] Normally, insertion of a shaped hydrogel prosthetic nucleus does not require removal of the disc annulus or 

^ end-plates so lateral bulging of the hydrogel nucleus is restrkned by the restoring force of the stretched annulus fibers 
and the external force of the end plates. Also, due to its structural integrity, the hydrogel nucleus will generally not 
hemiate or bulge through previously hemiated areas or through incisions which were made to remove the degenerated 
nucleus. IHowever. in some cases incisions or previously hemiated areas will be particularly large, or the restoring force 
of annulus fibers will be diminished due to fiber damage. In such cases it is important that lateral bulging of a shaped 

40 hydrogel be diminished in order to prevent further herniation or fiber damage. 

Summanf of the Invention 

[0007] It is an object of this invention to provide a prosthetic nucleus for a disc whteh is composed of a hydrogel 
45 material capable of balancing its hydrostatic pressure with external loads thereon and which does not have extensive 
lateral bulging under high compressive load. It is another object of this invention to diminish bulging abng specific 
sections of the nucleus such as at the posterior side of the nucleus and/or at the side of the nucleus corresponding to 
the location of damaged annulus fibers. It is another object of this inventbn to provkie a process for making a prosthetic 
nucleus whksh does not have extensive lateral bulging under high compressive k)ad, or which has diminished bulging 
so along specific sections of the nucleus. 

[0008] Broadly, the present inventton relates to a prosthetic nucleus for implanting into a disc space after removal 
of a degenerated or damaged nucleus of an intervertebral disc. The prosthetic nucleus may comprise a biologically 
compatible hydrogel material having, when fully hydrated, a size and shape generally conforming to a natural nucleus 
or to the shape of a cavity created after removal of the degenerated or damaged nucleus; a water content of from about 
55 30% to about 90%; and a compressive strength of about 4MNm'^ or greater. At least part of the nucleus periphery 
exhibits diminished lateral bulging in comparison to other parts of the nucleus periphery. Preferably, the unrestrained 
lateral bulging along at least part of the nucleus periphery is less than about 4.00 nun when under a compressive load 
of 10 N. In a preferred embodiment, the nucleus comprises a biok)gicalty compatible hydrogel material having when 
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fully hydrated a size and shape generally conforming to a natural nucleus; a water content of from 30% to 90%; and 
a compressive strength of 4MNm~2 or greater, wherein the modules of the nucleus is from 0.1 to 1.5 MPa and the 
modulus of the nucleus varies such that at least part of the nucleus periphery has a modulus of at least 1 0% more than 
the softest part of the nucleus; and wherein the nucleus periphery wall varies in height by at least 1 nrvn. In another 
s preferred embodiment, the unrestricted lateral bulging along the entire nucleus periphery is less than about 4 mm when 
under a compressive load of ION. 

[0009] The present invention also relates to methods for forming a prosthetic nucleus. One method comprises the 
steps of: (a) forming a mass of bonded biocompatible hydrogel material having a water content when fully hydrated of 
from about 30% to about 90% and a compressive strength of about 4MNm'^ or greater; (b) shaping the mass of hydrogel 

10 to a shape generally conforming to a natural human disc nucleus; and (c) stiffening at least part of the periphery of the 
nucleus. A second method comprises forming a mass of bonded biocompatible hydrogel material by separating central 
and periphery areas of the nucleus with a diaphragm and injecting a first liquid rrKMiomer into the central area and a 
second liquid monomer into the periphery area, wherein the liquid monomers harden into gels such that the first mon- 
omer yields a softer gel than the second monomer. A third method comprises the steps of: (a) forming a mass of bonded 

IS biocompatible hydrogel material having a water content when fully hydrated of from about 30% to about 90% and a 
compressive strength of about 4MNm'^ or greater; and (b) shaping the wall of hydrogel to a shape generally conforming 
to a natural human disc nucleus wherein the anterior wall is at least about 1 mm thicker than the posterior wall. A fourth 
method is a method for forming a prosthetic nucleus having a periphery and a center, the periphery comprising a first 
part and a second part wherein the first part has less unrestricted lateral bulging than the second part, said method 

so comprising: (a) orienting a nucleus mold such that the first part of the periphery is below the second part of the periphery; 
(b) pouring more than one PVA solution into the mold, wherein at least two PVA solutions have different densities; (c) 
allowing the PVA solutions to harden to form a prosthetic nucleus; and (d) removing the hardened prosthetic nucleus 
from the mold. 

[0010] The hydrogel prosthetic nucleus will generally have a shape and size confomiing to the natural nucleus which 
25 has been removed in a regular discectomy procedure and has a water content of at least about 30%, preferably about 
70 to about 85%, and optionally up to about 90%, with a compressive strength of at least about 4 Meganewton per 
square meter (MNm'^) or greater when hydrated to its equilibrium water content. Preferably, at least part of the nucleus 
external surface is stiffer than other external sections. It is especially preferred to have a stiff posterior periphery or a 
stiff section near the area where an annulus has shown some weakening either due to damage or due to surgical 
30 incision. 

[0011] In another preferred embodiment, one wall sectnn of the nucleus is thicker than another wail section in order 
to diminish lateral bulging of the thinner wait section. In more preferred embodiments, the anterbr wall section of the 
nucleus is thicker than the posterior wall section in order to diminish lateral bulging of the posterior periphery. 
[0012] In another preferred embodiment, one wall section of the nucleus is both thicker and less stiff than another 
3S wall section in order to diminish lateral bulging of the thinner^iffer wall 8ectk>n. In more preferred embodiments, the 
anterbr wall section of the nucleus is both thicker and less stiff than the posterior wall section in order to diminish lateral 
bulging of the posterior periphery. 

[0013] These and other objects and advantages of the present inventbn will become apparent from the following 
description of the accompanying drawings, which disclose several emk>odiments of the invention. It is to be understood 
^ that the drawings are to be used for the purposes of illustration only and not as a definitbn of the inventbn. 

Brief Description of the Drawings 

[0014] In the drawings similar reference characters denote similar elements throughout the several views, in which: 

45 

FIG. 1 is an isometrk: view of a single vertebral disc with the nucleus exposed; 

FIG. 2 is an elevation view, partially in cross^ection, of a disc with the prosthetic nucleus of the present inventkMi 
shown in the dehydrated state; 

FIG. 3 Is the disc of FIG. 2 showing the prosthetic nucleus of the present invention in the hydrated state; 
so FIG. 4 Is an isometric view of a prosthetic nucleus of the present invention showing a stiff periphery on the posterior 

side; 

FIG. 5 is an isometric view of a prosthetic nucleus of the present invention showing a stiff section posterior-lateral 
side to protect a weakened annulus; 

FIG. 6 is a side view of a prosthetic nucleus of the present invention showing a thick anterior wall; 
ss FIG. 7 is an isometric view of a prosthetic nucleus of the present invention showing a stiff periphery on the posterior 

side and a thick anterior wall; 

FIGS. 8 through 10 show three embodiments of a two-part prosthetic nucleus of the present inventton in the hy- 
drated state implanted within a vertebrae; 
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Fl G's 1 1 (a) and (b) are isometric and schematic views, respectively, of a prosthetic nucleus of the present invention 
showing the dimensions of the nucleus before and after loading; 

FIG'S 1 2 (a) and (b) are isometric and schematic views, respectively, of a prosthetic nucleus of the present invention 
showing the stiffness of the present invention and the dimensions of the nucleus after loading; 

s Fl G*8 1 3 (a) and (b) are isometric and schematic views, respectively, of a prosthetic nucleus of the present invention 

showing the dimensions and stiffness of the nucleus before and after loading; 
FIG. 14 Is a top view of a prosthetic nucleus of the present Invention; 
FIG. 15 is a graph showing the result of a stress vs. strain test of a PVA hydrogel; 
FIG. 16 is a graph showing the result of a creep test of a PVA hydrogel; and 

10 FIG. 17 Is a graph showing the result of water content change vs, time of a PVA hydrogel under constant com- 

pressive load; 

Description of the Preferred Embodiment 

IS [0015] Referring to FIGS. 1 through 1 4, in the preferred embodiment the prosthetic nucleus of the present invention 
generally denoted as 1 0 is shaped to conform, when hydrated, to the general shape of the natural nucleus. The nucleus 
is implanted in disc 12 of vertebrae 14 and is surrounded by the natural annulus fibrosus 16. Vertebral end plates 20 
and 22 cover the superior 34 and inferior 36 faces of nucleus 10 respectively. The posterior periphery 24 is preferably 
stiffer than the anterior periphery 26. The preferred material of nucleus 10 Is a hydrogel material, preferably highly 
hydrolysed polyvinyl alcohol (PVA). 

[0016] It has been reported In the literature (Lee et al., FIber-Reinforced Functional Disc Prosthesis. 35th Annual 
Meeting, Orthop. Res. Soc., 1989; and Zimmerman et al.. The Mechanical Properties of the Canine Lumbar Disc and 
Motion Segment, Spine, 17, No. 2, p. 213, 1992) that the modulus of the natural human lumbar spine Is in the range 
of from 7.42 to about 15 MPa. In order to avoid excessive compressive stress on the central area of the vertebral body 

2S made of cancellous tissue, it is desirable to have the modulus of the hydrogel nucleus less than that of the disc, although 
the modulus of the hydrogel nucleus may be slightly higher than that of the human lumbar disc because the average 
stress on the nucleus of a healthy disc is higher than that on the annulus. (McNally and Adams, Internal Intervertebral 
Disc Mechanics as Reviewed by Stress and Profilometrv . Spine, p. 66, 1992.) Excessive stress on the nucleus 
implant could cause damage on the endplate and result in the development of Schmori's nodes. Accordingly, the 

30 anterbr periphery 26 will preferably have a stiffness of from about 0.1 to about 1.5 MegaPasquals (MPa), and the 
posterior periphery 24 will preferably have a stiffness at least about 10% less than that of the anterior periphery 26, 
more preferably more than about 30% less than that of the anterior periphery 26. The increase in stiffness from the 
anterior to posterior sides of the hydrogel implant can be either gradual or sudden. (As used herein, stiffness and 
softness are expressed as a modulus in units of MegaPasquals (MPa).) 

[0017] The nucleus of the present invention may have diminished lateral bulging such that the unrestrained lateral 
bulging along at least part of the nucleus periphery under a compressive load of 10 N is less than about 4.00 mm, 
preferably about 0.50-3.00 mm, and especially preferably about 0.70-1 .50 mm. 

[001 8] The disc height under normal compression loads at different positions of the disc will generally vary. At upper 
lumbar levels, for instance, the two adjacent vertebral bodies are quite parallel, while at lower lumbar levels, especially 
40 at L5-S1 disc, the disc exhibit a wedge shape with anterior height larger than posterior height. This geometry should 
be taken into consideration in determining the dimensions of the prosthetic nucleus. It is preferred that the anterior wall 
28 will be at least 1 mm thicker than the posterior wall 30, more preferably 2-3 mm thicker. 

[0019] The expansion factor of a dehydrated hydrogel will be dependent upon equilibrium water content (EWC) of 
that hydrogel. It may vary from 1 , 1 9 for a hydrogel of 38% EWC to 1 .73 for a hydrogel of 80% EWC. For an 80% EWC 

^ hydrogel, the volume of the dehydrated prosthetic nucleus is only about 20% of the hydrated one. 

[0020] After hydration in the disc, the hydrogel nucleus will generally be constrained tightly in the cavity from which 
the nucleus has been excised. The constraining forces are the restoring force of the stretched annulus fibers and the 
extemal force through the end-plates. The constraint from the annulus and the end-plates will generally restrict the 
movement of the hydrogel nucleus and prevent it from bulging and hemiatingfrom the cavity. However, in cases where 

so previously hemlated areas or incisions are particularly large, or where the restoring force of the stretched fibers Is 
diminished due to fiber damage, bulging and hemlation are diminished or prevented by the diminished lateral bulging 
of the present invention. 

[0021] The prosthetic nucleus nrmy be formed from two or more pieces of hydrogel material, each shaped so that 
when combined they have a shape generally conforming to the natural nucleus. Utilizing a two-piece prosthetic nucleus 
ss facilitates implantation, which Is done with the hydrogel material in a dehydrated or unhydrated state. In preferred 
embodiments one piece will be softer (less stiff) than the other, and the stiffer piece can be Implanted in the posterior 
positton. 

[0022] The general technque of preparing PVA hydrogel from the commercially available PVA powder has been 
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disclosed in the U.S. Patent 4,663.358. Typically, 10-25% PVA powder Is mixed with a solvent, such as water, dimethyl 
sulfoxide, ethylene glycol or a mixture thereof. The slurry is then heated and shaken until a uniform gel is formed. The 
gel is then poured or injected into either a metal, plastic or rubber mold which wilt give the shape and the size of the 
prosthetic nucleus. After cooling the gel below -10"C for crystallization for several hours, the shaped PVA gel will be 
s soaked and rinsed with water until all the organic solvent has been exchanged with water. The hydrated PVA gel can 
then be dehydrated for implantation. The PVA hydrogels thus prepared will have a water content between 60-90% and 
modulus from 0.07-1.33 MPa as shown in Table 1. 

[0023] While PVA is used in the preferred prosthetic disc, other hydrogels such as lightly cross-linked polymers of 
2-hydroxyethyl methacrylate, or copolymers and terpotymers made from the combination of the monomers of an N- 
10 vinyl monomer, (for example, N-vinyl-2-pyrrolidone (N-VP)). a hydroxy alkyi methacrylate ester, (for example, 2-hy- 
droxylethyl methacrylate (HEMA)), an alkyI methacrylate (for example, methyl methacrylate (MMA)). an ethylenksally 
unsaturated acid (for example, methacrylic acid (MA)) and an ethylenically unsaturated base (for example. N,N-di- 
ethylamino ethyl methacrylate (DEAEMA)) may be used. 

[0024] HYPAN*^ (hydrogel polyacryk^nitrile) is another type of hydrogel which can be used as a hydrogel nucleus. 

IS This hydrogel, unlike the cross-linked hydrogel, has a multiblock copolymer (MBC) structure with hard crystalline nitrile 
blocks which gives the hydrogel good mechanical properties and soft amorphous hydrophilic bkx:ks which gives the 
hydrogel good water binding capability. The methods of preparing the HYPAN^ hydrogels of different water contents 
and different mechanical properties have been disck)sed in the U.S. Patents 4.337,327, 4,370,451, 4,331,783, 
4,369,294, 4,420,589. 4,379.874 and 4.631,188. The device of this material can be either melt compressed as ther- 

20 moplasts or injection molded. 

[0025] In general, any hydrogel that can be used for soft contact lenses can be used as long as the hydrogel exhibits 
a compressive strength of at least 4MNrrr2. Most of these materials have been FDA approved for use as contact tenses. 
Of course, many other hydrogel compositions may be used since, unlike contact tenses, opaque materials are accept- 
able. The art of preparing these polymers and copolymers has been disclosed in numerous U.S. patents. The water 

2S content of these hydrogels can vary from 38% for polymacon (poly HEMA) to 79% for Ikjofilcon B (copolymer of N-VP 
and MMA). 

[0026] A prosthetic nucleus made from these hydrogels can be prepared, for instance, by cast molding or machine 
cutting. In cast molding, the liquid monomer mixture with initiator or polymer solution is poured into a mold of the 
predetermined shape and size. It is then cured in the mold. In the case of machine cutting, the polymer can be prepared 

30 in a simitar manner in the form of a block or rod which is larger than the prosthetic nucleus. Ttie polymer then will be 
cut to the shape and size of the nucleus. In both cases, the hydrogel expansion/shrinkage factor due to polymer swelling 
upon hydration has to be taken into account in determining the dimensions of the mold or of the cut prosthetic nucleus. 
[0027] The present invention contemplates a nucleus wherein all or only part of the nucleus periphery exhibits di* 
minished lateral bulging under high compressive load. In some cases a patient will have extensive damage to the 

3S annulus fibrosus and vertebral end-plates so it will be beneficial to insert a prosthetic nucleus with diminished bulging 
along the entire periphery. This can be achieved by making the entire nucleus periphery stiff er than the nucleus center. 
More typically, however, diminished lateral bulging will only be required along the part of the nucleus periphery corre- 
sponding to a particular weakness In the annulus fibrosus or vertebral end-plates, or to compensate for a particularly 
targe incision or hemiated area. Most typically, diminished lateral bulging will be required only on the posterior side 

40 because that is where most hemiattons occur. Lateral bulging can be reduced on the posterior side, for instance, by 
making the posterior periphery stiffer than the anterior periphery and/or by making the anterk>r wall thbker than the 
posterior wall. When the anterior wall is thicker than the posterior wall, the anterior wall will tend to absorb more com- 
pression load so that bulging will tend to occur on the anterk>r skle rather than the posterior skJe. 
[0028] With reference to FlG's 4 and 14, a nucleus 10 with a stiff periphery can be made by a cast molding process 

^ by separating the central area 32 and periphery area 24, 38 with a diaphragm. The diaphragm may be made of any 
suitable material such as metal or plastic, and the diaphragm will preferably be thin. Two different tquid monomer 
mixtures are then injected into these two areas such that the monomer mixture providing a stiffer get is injected in the 
peripheral area 24, 38 and the monomer mixture providing a softer gel is injected in central area 32. Preferably, the 
shrink coefficients of these two gels will be ck>se to avoki significant internal stress in the implant during equilibration 

so In the saline. The diaphragm can then be removed while the solutions are close to gel point. Generally, there will not 
be extensive diffuston between the gels after removal of the diaphragm because of the gels' high viscosity. Local 
penetration of the gels Is preferable to nnake a strong adhesion between the two sect tons. 

[0029] An attemative way to prepare a stiff posterior nucleus is to nnold two PVA hydrogels of different stiffness 
together. The density of PVA solutions that yiekJ gels with higher stiffness is normally higher than PVA solutions that 
ss yield gets with tower stiffness. Also, the PVA solutions at concentrations of from 1 0-25% at 60-1 00**C are very viscous. 
Thus, when two different PVA solutions are poured into a mold, the denser solution (whtoh will yiekJ a stiffer gel) will 
generally sink to the bottom. If the mold is oriented such that the posterior side is at the bottom, then the implant will 
have a stiffer posterior wall. The adheston between two sections of different density PVA will nonmally be very good. 
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[0030] A nucleus 1 0 with a stiff periphery can also be made by annealing techniques. For Instance, a nucleus having 
a stiff posterior periphery can be prepared by first cast molding or lathe cutting a nucleus, and then heating the posterior 
periphery by dipping the posterior wall into an oil bath having a temperature of from about 80 to about 1 50^C for several 
minutes or longer depending on the temperature. Typically, it is sufficient to dip the posterior wall into a 120^0 oil bath 
s for from about 1 to about 10 or more minutes. It is believed that such heating causes the heated PVA to become more 
crystallized and therefore sttffer than the unhealed portion. 

[(K>31] A nucleus having different wall thicknesses can be made by either cast molding or cutting methods. In cast 
molding, the mold will generally be made with anterior wall thickness of about 1 mm or nnore than the posterior wall 
thickness for the disc as measured by either computer tomography (CT) or magnetic resonance imaging (MRI) scans. 
10 In the cutting method, the extra thickness of the anterior wall can be less than about 1 mm because after swelling the 
difference in thickness on the implant will increase proportionally. 

[0032] Prosthetic nuclei 1 0 of vartous shapes can be designed as required to restore the function of the degenerated 
disc. In the preferred embodiment the prosthetic nucleus approximates the shape and size of the natural nucleus, 
resembling an eclipse as shown in FIG. 1. The exact size and shape of the hydrated prosthetic nucleus can vary for 

IS different indivKluals and according to the disc level on which the implant will be inserted. A typical adult nucleus will 
be atx^ut 17 mm in semi-minor axis and about 30 mm in semi-major axis and about 11 mm in thk^kness. 
[0033] FIG. 4 shows a nucleus 10 with a stiff posterior periphery 24. The stiff hydrogel material is represented by 
the dense dot matrix. Posterior periphery 24 will generally be at least 10% stiffer than the other parts of the nucleus 
10 such as the central area 32 or the antertor periphery 26. FIG. 5 shows a nucleus 10 with a stiff posterior-iateral 40 

20 side. Such a nucleus 10 could protect a weakened annulus. Again, the stiff hydrogel material is represented by the 
dense dot matrix. 

[0034] FIG. 6 is a side view of a prosthetic nucleus with a thick anterior wall 26. The anterior wall height H will be 
greater than the posterior wall height h, preferably more than 1 mm greater and especially preferably from 2-3 mm 
greater. The superior 34 and inferior 36 sides of the nucleus are shown. In embodiments where one wall is thicker than 

2S the others, the anterbr wall will generally be thicker than the posterior wall to diminish bulging on the posterior side. 
However, in some cases other walls (such as the posterior) will be made thicker to meet the specific needs of the 
patient. FIG. 7 shows a preferred embodiment for diminishing bulging on the posterior periphery. The posterior periphery 
24 is made of a stiffened hydrogel material as indicated by the dense dot matrix, and the posterbr wall 30 height (h) 
is less than the anterior wall 28 height (H). 

30 [0035] In an alternate embodiment shown in FIGS. 8-1 0, the prosthetic nucleus has two halves having the combined 
shape of a natural nucleus. Several designs of the two-part implants can be used. The first one of these is made by 
divkiing the nucleus longitudinally (FIG. 8). The other is made by dividing the nucleus transversely (FIG. 9). Another 
design is to divide two halves laterally (FIG. 10). The major advantage of the two-part design is that the incision area 
can be further reduced and it is easier to manipulate the implants during surgery. In preferred embodiments, the pos- 

35 terior half 42 will be made of a stiffer material than the anterbr half 44. Alternatively, a posterior-lateral half 46 can be 
made of a stiffer material than the anterior-lateral half 48. 

[0036] In another preferred embodiment, while the center port'ton of the nucleus remains soft and maintains a low 
modulus, the periphery of the nucleus is made in such a way that It mimbs the function of the annulus. e.g., it has a 
high tensile modulus and a relatively low compressive modulus. As the center portion of the nucleus is compressed 
40 and starts to bulge, the high tensile modulus periphery skin of the implant acts like a t>oundary layer to restrict the soft 
center from lateral bulging. The high tensile modulus periphery surface of the implant can be achieved by heat treatment 
or chemical treatment (chemical crosslink) on said surtece. 

[0037] The surface of the implants can either be smooth or have transverse grooves (not shown) to increase the 
stability of the prosthesis in the disc cavity In the natural human disc both the superior and inferior surfaces are convex. 
45 Similariy, it is preferable that the prosthetic nucleus have convex surfaces on both skies so that it will fit tightly and 
evenly in the cavity created by the discectomy procedure. A tight fit will allow the load to be evenly distributed on the 
prosthetic nucleus and avoid excessive loading on particular parts of the implant. 

[0038] The present inventbn shows reduced lateral bulging when tested under unconstrained conditions. Such di- 
minished bulging at certain secttons in the disc results in less hoop stress on the area where the annulus is thin, weak 
so or injured than on the area where the annulus is thick, strong or undamaged. This reduced hoop stress reduces the 
risk of further damage to the annulus. 

EXAf^PLE 1 

ss [0039] The stress vs. strain curve of the PVA hydrogel of 74% water content made from 10-25% PVA powder as 
described above is presented in FIG. 15. To stimulate the constrained environment in which the nucleus is contained, 
a 1 .0' in diameter and 0.8' in height PVA hydrogel disc was constrained in a connected three-piece test fixture having 
two rigid metal sleeves on each side with a flexible lygon tube with wall thickness of 1/8" in the middle. All three pieces 
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have an inner diameter of 1 *. The PVA hydrogel was then compressed between two 1 ' diameter solid cylinders inserted 
in either end of the test fixture and compressed in an INSTRON® testing machine and the stress vs. strain curve was 
recorded. This setup, under the test stress range, would allow the hydrogel to bulge about 1-2 mm laterally, which is 
close to the lateral bulging reported previously in human spinal disc tests (Reuber, M., et al. Journal of Biomechanical 
s Engineering, volume 1 04, 1 982, p. 1 87). Again, the extent of directional bulging of the prosthetic nucleus of the present 
invention would still be largely dependent on the restoring forces cl the annulus. This stress vs. strain curve of the PVA 
hydrogel demonstrated that the PVA hydrogel offers similar or superior load resistant characteristics to the Inten^ertebral 
disc. A compressive load of up to 4000 N was exerted on the hydrogel, indicating that the hydrogel Is strong enouqh 
to withstand a load in excess of those normally generated by the body in various postures. 

10 

EXAMPLE 2 

[0040] With reference to FIG. 11. a round hydrogel disc with diameter 1.212" and height (H) of thicker side 0.765" 
and height (h) of thinner side 0.603". as shown in FIG. 11 (a), was compressed with a compressive load of 12 N. Two 
IS Linear Variable Differential Transfomiers (LVDT) were placed in contact with the thick and thin side walls before the 
loading. The disc was loaded, and the lateral bulge of the two sides was recorded (FIG. 11 (b)). At 12 N, it was found 
that the bulge (D) on the thick side was 4.31 mm and the bulge (d) on the thin side was 1 .49 mm. 

EXAMPLE 3 

20 

[0041] With reference to FIG. 1 2, a round hydrogel disc with diameter of 1 .308" and height 0.912", as shown in FIG. 
12 (a), was molded in such a way that atx>ut 1/5 of the width has the formulation of Example 4 in Tsible 1 and 4/5 of 
the width has the formulation of Example 18 in Table 1. The dense dot matrix represents the formulation of Example 
4, and the non-shaded area represents the formulation of Example 18. The disc was loaded to 10 N and two LVDT'S 
25 were placed on both soft and stiff sides of the disc. It was found that the bulge (D) on the soft skie was 1 .55 mm and 
the bulge (d) on the stiff side was 0.97 mm (FIG. 12 (b)). 

EXAMPLES 4-22 

30 [0042] The PVA hydrogel solutions described in Table 1 bek>w are generally suitable for use in the present invention. 
(As used in Table 1 , PVA means polyvinyl alcohol; MW means molecular weight; modulus (E) is in units of MegaPas- 
quais (MPa); and the shrink coefficient is determined by dividing the PVA dimensions after solvent exchange by the 
PVA dimensions before solvent exchange.) For instance, a nucleus can comprise a stiff hydrogel (such as Examples 
5 and 6) on the posterior skie and a soft hydrogel (such as Examples 16-19) on the anterior side. Alternatively^ the 

3S nucleus can comprise a uniform hydrogel and have one wail thicker than the other. 
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[0043] An especially preferred embodiment shown in FIG. 7 is a nucleus having at least part of the periphery both 
stiffer and thinner than other parts of the periphery. As indicated by the arrows in FIG. 11 (b). the stress on the thick 
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side of the disc will be greater than the stress on the thin side of the disc. If the thickness variation on the different 
sides is too targe, the stress on the thick side may increase to an undesirable extent and could exceed the normal 
stress on the disc. Thus, it is preferable to vary both thickness and stiffness In a single disc. It is most preferable to 
vary both stiffness and thickness gradually. FIG. 13 illustrates such a disc and shows how the bulge and stress distri- 

B button can be controlled. The denser dot matrix represents a stiffer materiaL 

[0044] Because the natural nucleus is also primarily a hydrogel, the Implanted hydrogel aitlflcial nucleus can easily 
restore all the biomechanical functions of the nucleus which has been removed. Unlike the prior art prosthetic discs, 
the hydrogel nucleus in the present invention will restore the visco-elastic behavior of the disc due to the water binding 
capability of the prosthetic hydrogel. FIG. 16 presents the creep behavior of the same PVA hydrogel of 74% water 

10 content. This hydrogel was tested in the same device as described above in Example 1 . The creep curve of the hydrogel 
is very similar to creep curve obtained in the human spinal disc reported elsewhere (Adam, MA. and Hutton, W.C., 
The Biology of the Inten^ertebral Disc. Vol. II, 1988, p. 64). The initial, almost instantaneous, deformation in the disc 
arises mainly from a rearrangement of the collagen networic in the annulus. 

[0045] The initial deformation in this case is mainly due to the stretching of the lygon tube. If the toad is maintained. 
IS the disc continues to deform or creep largely because the flu ki in the nucleus is being squeezed out. This is shown in 
FIG. 17 in which the percentage of water relative to the initial water content was plotted vs. time when constant load 
was applied. This visco-elastic characteristic, as mentioned at>ove, is critk:at in withstanding the mechanical load and 
keeping the fluid flowing in and out of the disc. 

[0040] The Implantation of prosthetic nucleus 1 0 can be perfonmed in conjunctkxi with a discectomy operation, such 
20 as discectomy or microdiscectomy. percutaneous discectomy. or chemonucleatysis. Because the properties of the 
hydrogel prosthetic nucleus of the present Invention are similar to those of the nucleus material, the herniated nucleus 
can be partially or totally replaced by the hydrogel prosthetic nucleus. Due to its small size, a posterior lateral approach 
can be used to Implant the dehydrated hydrogel disc. This significantly reduces the difficulty and the riskof the operation. 
[0047] The volume of a hydrogel nucleus of 80% water content will reduce by about 60% (to 20% of its original 
2S volume) when dehydrated. Consequently, the surgeon does not need to jack apart the vertebrae adjacent to a damaged 
disc as required by, for example, the device disclosed In U.S. Patent 4,772,287. The height of the dehydrated prosthetic 
nucleus, when Inserted, is smaller than the disc space. Furthermore, the rigidity of the dehydrated prosthetic nucleus 
will help the surgeons to nnanipulate the prosthetic nucleus during the operatton. After implantation, the hydrogel nu- 
cleus of the present Invention swells slowly in the body to a predetermined height whk:h is enough to maintain the 
30 space between the vertebral body. The swelling process normally takes several hours to two days depending on the 
size of the prosthetic nucleus and type of hydrogel. 

[0048] While several examples of the present invention have been described, it is obvk>us that many changes and 
modifications may be made thereunto without departing from the spirit and scope of the invention. 

35 

Claims 

1. A prosthetic nucleus (10) for implanting into a disc space after removal of a degenerated or dannaged nucleus of 
an intervertebral disc, said prosthetic nucleus comprising: 

40 

a btologlcally compatible hydrogel material having, when fully hydrated. a size and shape generally conforming 
to a natural nucleus or to the shape of a cavity created after removal of the degenerated or damaged nucleus; 
a water content in the range of 30% to 90%; and a compressive strength of 4MIM'^ or greater; and a prosthetic 
nucleus periphery a part of which exhibits diminished lateral bulging in comparison to other parts of the pros- 
es thetic nucleus periphery, 

characterised in that the nucleus periphery wall varies in height by at least 1 mm in the fully hydrated implant. 

2. The prosthetic nucleus (10) as claimed in Claim 1 wherein the nucleus has an anterior wall (28) and a posterior 
wall (30) and the anterior wall (28) is at least about 1 mm thicker than the posterk^r wall (30) in the fully hydrated 

so Implant. 

3. The prosthetic nucleus (10) as claimed in Claim 2 wherein the anterior wall (28) is at least 2 mm thicker than the 
p08terk>r wall (30) in the fully hydrated implant. 

ss 4. The prosthetic nucleus (1 0) as claimed in Claim 2 wherein the height of the nucleus gradually Increases from the 
postertor to anterior side. 

5. The prosthetic nucleus ( 1 0) as claimed in Claim 2 formed from a first piece (42) and a second piece (44) of hydrogel 
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material having a combined shape generally conforming to the natural nucleus, wherein at least part of the wall 
of the first piece is at least 1 mm thicker than at least part of the wall of the second piece. 
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